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ABSTRACT
Midfoot Motion and Stiffness: Does Structure Predict Function?
Kirk Evans Bassett
Department of Mechanical Engineering, BYU
Master of Science
In clinical settings, dynamic foot function is commonly inferred from static and passive
foot measurements; however, there is little evidence that static foot structure can predict dynamic
foot function during walking gait. Previous research seeking to find correlations between the two
have focused primarily on sagittal plane midfoot angles even though the midfoot has triplanar
motion, which misses potentially important information. Additionally, the focus on kinematics
alone may miss the contributions that forces play in midfoot mechanics. To address the angle
limitations, a novel Signed Helical Angle (SHA) was developed to capture the triplanar motion of
the midfoot from a multi-segment foot model. This was combined with foot segmental force
measurements and inverse dynamics to capture dynamic midfoot stiffness. The SHA method and
static-dynamic analysis were evaluated on 40 healthy subjects walking at a controlled speed.
Subjects were divided into three structural groups based on static arch height (high, normal, low)
and stiffness (stiff, normal, flexible). One-way ANOVA was used to evaluate differences among
groups in dynamic motion and stiffness and a multiple regression was employed to evaluate
relationships across the sample. Calculating the SHA resulted in a greater range of motion (ROM)
compared to the sagittal Euler angle commonly used, showing that the motion in the other planes
are captured in the SHA. The Finite Helical Axis (FHAx) associated with the SHA also showed
that on average the population had a clear distinction between pronation and supination during the
stance phase, although individual subjects exhibited substantial variability. While there were visual
distinctions in the SHA and the midfoot stiffness among the three stiffness groups and the three
arch height groups, the differences were not statistically significant. The only measurement
achieving statistical significance was the mean of the sagittal plane midfoot Euler angles among
the three AHI groups (p = 0.015); however, this is a postural measure which simply confirms that
a high arch will remain high and a low arch will remain low throughout the gait cycle. The lack of
any relationships between static foot structure and dynamic foot function, despite advanced
modeling and measurements, further confirms that other factors play a large role in foot mechanics.
Future studies should focus on evaluating the role of the intrinsic foot musculature (e.g., muscle
strength, activation, and redundancy) during gait, and replacing traditional shoe and orthotic
recommendations.
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1

CALCULATING THE SIGNED HELICAL ANGLE

Introduction
As multi-segment foot models become more widely used, capturing the motion of the
midfoot brings challenges. Most studies analyzing midfoot motion focus on linear displacements
(e.g. navicular drop) [1], planar angles [2], or Euler/Cardan rotation sequences [3]. Euler/Cardan
rotations may be the most appropriate of these for capturing the tri-planar nature of the midfoot
joints [4]; however, they represent motion about three separate orthogonal axes of rotation, which
do not match the joint anatomy. With the greatest motion occurring in the sagittal plane, it is often
chosen for analysis while the other two planes are ignored, potentially missing important
information. In addition, Euler/Cardan angles represent angular position independently at each
time point and motion between time points must be inferred from changes in angular position (with
each axis analyzed separately).
If midfoot motion is primarily grouped around two contrasting axes of rotation (i.e.
pronation or supination), a way to approach this problem is with the use of the finite helical method
(FHM) (or axis/angle method). The FHM captures the relative motion between two rotating bodies
as a single angle and axis of rotation. Pothrat et al. [5] recently proposed the application of this
technique to calculate midfoot angles; however, the derived angles are only positive numbers and
do not account for changes in direction. It may be possible to overcome this using a signed angle
derived from analyzing the axis direction. This relies on the theory that pronation and supination
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are linked but opposite movements [6]. If true, the sign of the finite helical angle (FHAn) can be
determined based on the finite helical axis (FHAx) direction. Therefore, further exploration into
the methods for calculating the FHAn and FHAx, and the subsequent sign associated with the
frames of the FHAn, are needed to capture the tri-planar motion of the midfoot.
FHMs have been widely used to characterize various joints of the human body; but while
axis accuracy is susceptible to error, angle determination is not entirely dependent on precise axis
accuracy. Woltring et al. [7] proposed calculating the FHAx of the wrist and discovered that the
amount of error in the axis measurement was inversely proportional to the magnitude of rotation.
Other previous work using FHMs includes applications on the spine, knee, and mandible [8]–[10],
with several applying thresholding methods to reduce the amount of error in axis orientation.
Specifically looking at the midfoot, Graf et al. [11] used a combination of methods based on cardan
angles and helical axis calculations to determine the location of a constrained torsion axis of the
foot and applied a threshold to reduce the error of the FHAx location. Most of the previous work
has focused on determining the FHAx location and orientation, using thresholds to account for
small rotations where axis orientation is prone to error. Although motion in the midfoot is small,
the proposed work will focus on using the FHAx only to assign a sign to the FHAn, thus precise
orientation may not be as crucial.
The purpose of this study was to develop a method that captures the tri-planar motion of the
midfoot and to evaluate the feasibility of using the method during walking. We hypothesized that
supination and pronation axes would be sufficiently clustered, allowing clear distinction between
pronation and supination movements throughout the stance phase of walking. These findings
would shed light on the total foot motion during stance phase, which would help in designing
orthotics, prosthetics, and footwear.
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Methods
1.2.1

Participants, Model, and Protocol
The methods developed were applied to 40 healthy subjects (1.74 ± 0.09 m, 73.6 ± 13.84 kg)

walking overground at a fixed speed (1.3 ± 0.1 m/s). A multi-segment foot model [12] (Figure 1-1)
captured anatomically aligned hindfoot (HF) and mid/forefoot (FF) segment reference frames,
separated by a midtarsal joint center. For further marker and segment definitions, see Appendix A.
Marker trajectories were collected at 100 Hz by a 12-camera motion capture system (Qualisys,
Goteborg, Sweden). Modeling was performed in Visual 3D software (C-motion, inc. Germantown
MD, USA). The model was created on a static pose and then applied to the walking trials using
the default segment optimization, or six-degree-of freedom, pose estimation method.

Figure 1-1: PCL, DCL, MCL and LCL markers were used to capture HF motion. MB1, MB4,
MH5, MH23, and MH1 were used to capture FF motion. The midpoint between the NAV and
CUB was used as the joint center. This joint center was the distal location of the HF and the
proximal location of the FF. The red/green/blue arrows represent the orientation of the HF (left)
and FF (right) coordinate systems (or reference frames), with red representing X, green
representing Y, and blue representing Z.
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1.2.2

Algorithm development
The helical angle is determined through a series of rotations from one segment’s reference

frame to another segment’s reference frame. The selection of which segment depends on the
desired joint to obtain the helical angle for. As this paper focuses on finding the helical angle of
the midfoot, the segments selected were HF and FF as captured by the multi-segment foot model.
To calculate the helical angle of the midfoot, the following steps were applied. For reference on
the explanation of notation used, see Appendix B.
To determine the helical angle of the midfoot, the FF segment’s reference frame, relative
to global, was rotated into the HF segment’s reference frame, relative to global, using the following
equation:
𝐻𝐻𝐻𝐻
𝐹𝐹𝐹𝐹 𝑅𝑅

𝑇𝑇

𝐺𝐺𝑙𝑙𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
= � 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝐻𝐻𝐻𝐻 𝑅𝑅 � ∗
𝐹𝐹𝐹𝐹 𝑅𝑅

(1-1)

At this point, this rotation matrix describes the position of the FF relative to the HF at each time
step. To determine the time dependent displacement of the joint, the rotation matrix obtained from
the equation above was rotated into the same rotation matrix but from the previous time step.
𝑀𝑀 =

𝐻𝐻𝐻𝐻
𝐹𝐹𝐹𝐹 𝑅𝑅(𝑡𝑡

𝑇𝑇
− 1) ∗ ( 𝐻𝐻𝐻𝐻
𝐹𝐹𝐹𝐹 𝑅𝑅(𝑡𝑡))

(1-2)

Here, M represents the amount of joint displacement that occurs during that time step. From this
the finite helical axis and angle at each time step can be extracted using the standard procedure
described by Woltring et al. [7]
The Medial/Lateral (M/L) direction of the helical axis vectors was used to assign a sign to
the helical angular displacement. If the helical axis vector was pointed to the right side of the
hindfoot, then the associated helical angle was considered to be undergoing pronation and given a
positive sign. If the helical axis vector was pointed to the left, then the associated helical angle was
undergoing supination and given a negative sign.
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Starting at heel strike, the signed angular displacements were summed to obtain the total
motion away from this starting point. This summation results in the full FHAn and represents the
range of motion (ROM) of the midfoot during the stance phase of walking.

1.2.3

Analysis
To determine the extent of the FHAxs clustering, the axis vectors were divided into three

zones based on the axis M/L component: pronation, supination, and transition. If the magnitude of
the M/L component of the unit vector FHAx was less than 0.33, that axis was identified as a
transition axis. This threshold was chosen so as to divide the M/L range in thirds; thus each
component (pronation, transition, and supination) covers 33% of the unitized M/L range (from -1
to 1). For each subject, the mean unitized axis location and its standard deviation in each of these
three zones was calculated, and group averages were presented. Percentage of time spent in
pronation, supination, or transition was also determined. To visually capture the clustering for the
entire sample, the helical axis vectors at each time point across all subjects were averaged
according to the vector components and then were unitized and plotted.
To evaluate the effect of thresholding, thresholds from 0.5 degrees to 2.5 degrees at 0.5degree intervals were explored. If the helical angle between two time steps was greater than the
specified threshold, the angle was added to the previous angle as before. If the angle was less than
the threshold, then the location in the matrix where the angle would have been recorded would be
filled instead with a zero and the calculation would instead be performed with the next time frame,
repeated until an angle was calculated above the threshold. Once above the threshold, that angle
value was assigned to the last frame and received a sign based on the FHAx at that frame. This
process was repeated through the whole trial, and these angles were signed and summed as before.
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The effects of thresholding were primarily analyzed visually through plots; for these plots, missing
values from the thresholded angles were filled using a cubic spline interpolation. The number of
frames that were skipped were also tabulated.
The mean final Signed Helical Angle (SHA) for the sample was compared to the common
Euler/Cardan rotation sequence (1-Sagittal, 2-Frontal, 3-Transverse) as well as to the similar
Helical Components Angle (HCA) graphically as well as numerically via pronation and supination
ROM.

Results
1.3.1

Helical Axes
The mean helical axes for the entire group were tightly clustered in the hindfoot’s transverse

plane (Figure 1-2e,f), with a spread transition between supination and pronation. This transition
can be seen in the frontal plane (Figure 1-2f), where the axes transition inferiorly from pronation
to supination. It is to be noted that the mean helical axes are an oversimplification and therefore
do not represent the individual variation of the subjects. Individual subjects did exhibit clustering,
but with variable amounts of transition axes (examples shown in Figure 1-2a-d). While the mean
helical axes depict 74% pronation, 2% transition, and 24% supination, the mean of each subject
had pronation occurring on average for the first 57.37% of stance, followed by a transition phase
making up 15.09% of stance, and ending the final 27.54% of stance with supination (Table 1-1).
The unit vector of the average pronation axis for all subjects was pointed almost entirely laterally,
with slight deviation in the anterior and superior directions. The supination vector was pointed
almost entirely medially, with slight deviation in the anterior and inferior directions.
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Figure 1-2: Helical axes vectors with the red vectors representing
the first 75% of stance phase and the green vectors representing the
last 25% of stance phase. The average pronation and supination axes
are seen in blue, with the pronation axis pointing positively and the
supination axis pointing negatively. The vectors are traced
throughout the stance phase, with the first vector depicted with an
open circle and the last vector with an “x”. (a) Transverse and (b)
frontal plane views of a representative subject. (c) Transverse and
(d) frontal plane views of an extreme subject. (e) Transverse and (f)
frontal plane views of the sampled population average.
7

Table 1-1: Mean, standard deviation, and percent of stance of the
pronation and supination axes.
M/L
Pronation: A/P
I/S
M/L
Supination: A/P
I/S

1.3.2

Average Axis
0.989 ± 0.038
0.082 ± 0.190
0.123 ± 0.176
-0.987 ± 0.050
0.069 ± 0.221
-0.146 ± 0.404

Average STD
0.175 ± 0.017
0.441 ± 0.070
0.379 ± 0.083
0.146 ± 0.032
0.298 ± 0.103
0.329 ± 0.124

Average % of Stance
57.37 ± 11.41

27.54 ± 6.75

Thresholding
As the threshold size increased, there were a greater number of frames skipped due to a

greater number of angular displacements not meeting the threshold criteria (Table 1-2). The angles
that were thresholded the most occurred during the transitions from pronation to supination, or
vice versa, where the exact FHAx location may not be as accurate due to the small displacement
angles. This can be seen at 70% of the stance phase where the higher thresholds jump from
pronation to supination, with several skipped frames in between (Figure 1-3a-b). This also
occurred in some subjects at times prior to this main transition point. For those subjects starting
stance phase in pronation, there were fewer transitions in the beginning and therefore the angles
were not as affected by the thresholds (Figure 1-3a). For those subjects that started in supination,
larger differences were induced at the beginning of stance and carried throughout the stance phase
(Figure 1-3b). The greatest difference across the average of all subjects occurred during the
transition from pronation to supination, with the un-thresholded SHA peak being greater than all
thresholded SHA peaks (Figure 1-3c). The spline interpolation applied to the thresholded angles
reduced these differences, so that the thresholded SHAs were roughly similar.
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Figure 1-3: (a-b) Representative subjects and trials of the thresholds up to 2.5
degrees at 0.5-degree increments applied to SHA, and (c) average SHA of all
subjects for previously mentioned thresholds.

1.3.3

Euler Angles vs Helical Angles
There were only subtle differences when comparing the Euler Angles and HCA, with the

main differences occurring in the frontal plane. The SHA had a similar shape compared to the
sagittal planes for both the Euler Angles and the HCA, with the main differences occurring in the
magnitudes. Both the Euler Angles and the HCA in the sagittal plane exhibit just under 7 (6.9
Euler, 6.8 Helical) degrees of dorsiflexion, while the SHA has 9.6 degrees of pronation during the
first 75% of stance. For the final 25% of stance, the Euler Angles and the HCA exhibited just under
9

15 (14.9 Euler, 14.5 Helical) degrees of plantarflexion in the sagittal plane, while the SHA had
18.6 degrees of supination (Figure 1-4).

Table 1-2: Mean and standard deviation for
all subjects of the percent of frames
skipped during stance phase as a
result of applied thresholds.
Threshold Percent of Frames Skipped (%)
0.5
59.5 ± 4.1
1.0
70.8 ± 3.8
1.5
77.2 ± 3.4
2.0
81.0 ± 2.8
2.5
83.8 ± 2.4

Discussion
1.4.1

Helical Axis
The clustering of pronation and supination axes supports the decision to use the sagittal plane

as the divider when assigning signs to the FHAn. On a group level, pronation axes clustered
laterally before transitioning to supination axes that clustered medially (Figure 1-2). The relatively
tight clustering suggests that the average of the subjects analyzed followed distinct pronation and
supination movements. However, while the standard deviation in the M/L direction was small, it
was larger in the anterior/posterior (A/P) and inferior/superior (I/S) directions. On an individual
level there was substantial variability. While most subjects started with pronation and then
transitioned once to supination, there were some subtle transitions that occurred in mid-stance
before this main transition. In addition, several subjects started the gait cycle moving in supination
before transitioning to pronation and then back to supination for the final push off phase.
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Figure 1-4: Composite graph of the 3 Euler Angles (a-c), 3 Helical Component Angles (HCA)
(d-f), and the Signed Helical Angle (SHA) (g) with standard-error bands. Each x-axis
represents the percentage of stance phase. The sagittal planes for the Euler Angles and HCA
are undergoing dorsiflexion when the slope is positive and plantarflexion when the slope is
negative. The frontal planes are undergoing inversion when the slope is positive and eversion
when the slope is negative. The transverse places are undergoing abduction when the slope
is positive and adduction when the slope is negative. For the SHA, when the slope is positive
the midfoot is pronating and when the slope is negative the midfoot is supinating.
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1.4.2

Helical Angle
The standard for analyzing midfoot motion in the past relied on using the three separate

orthogonal angles, often only interpreting one of them, while the SHA captures movement in all
three planes with a single angle. The most common approach has been to use Euler/Cardan rotation
sequences to get three angles representing angular position about the three cardinal axes. Another
way of analyzing midfoot motion has been using the HCA, which similarly extracts three cardinal
angles. However, both the Euler angles and HCAs represent position independently at each time
point, and do not take into account the displacements and motion that occurs in the midfoot. These
three different angles all represent the planes of motion at the midfoot, yet interpretation is difficult
when assessed separately. As such, the sagittal plane is often used for the analysis because it is
assumed to have the greatest amount of motion when compared to the other planes. The SHA
represents the angle corresponding to the finite helical axes calculated, and therefore takes into
account the tri-planar motion occurring in the midfoot. This analysis confirms that the mean axis
of rotation does align fairly well with the hindfoot’s transverse axis and thus its waveform looks
similar to both the Euler and HCA sagittal plane angles. Yet, there was substantially greater motion
occurring in the SHA. This suggests that the SHA is capturing the motion occurring in the other
planes that the Euler and HCA sagittal plane angles are missing.

1.4.3

Thresholds
While thresholding is important to determine accurate axis position when modeling this axis,

its importance is small when just identifying the sign of the helical angle. When applying
thresholds to the helical angles there were several frames that were skipped to meet the
requirements of the threshold. This resulted in large gaps of data around some of the transition
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points. Filling the gaps with a cubic spline interpolation helps extrapolate what the missing data
may look like, but it does not fully capture the movement that actually occurred. In areas where a
transition did not occur, the thresholds had little impact on the values of the SHA. In this analysis,
great focus was placed on the correct sign of the SHA, rather than FHAx orientation. With changes
in signs of the helical angle only occurring at the transition points, the exact FHAx orientation,
and therefore the use of thresholds, may not be as important. The non-thresholded curves may be
more consistent and useful than the thresholding attempts.

1.4.4

Limitations and Future Directions
The main limitation in applying this method arises from the variability in axis locations

across people. For the vast majority of the gait cycle, the axes were clearly belonging to either a
pronation or supination movement. However, the few axis locations surrounding transition points
straddled the dividing plane. The result is some uncertainty surrounding primarily the peak
pronation angle in terminal stance and the proposed attempts at thresholding did not appear to
solve this issue. Future improvements to the algorithm should explore alternate cutoffs. Despite
this limitation, the proposed study did appear to capture the full midfoot motion in a single angle,
and it may provide an intuitive and useful method to analyze midfoot motion.

Conclusion
The analysis of the proposed FHM shows that the sample population average clusters well
into distinct pronation and supination regions. The SHA incorporates the movement of the midfoot
in all planes of motion, resulting in larger magnitudes as compared to the sagittal plane angles of
the Euler angles and HCA. When simply using FHAx to determine the sign of the FHAn,
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thresholding may not be necessary. These findings provide a more complete way of measuring the
ROM of the midfoot during locomotion.

14

2

RELATING DYNAMIC FOOT FUNCTION TO PASSIVE FOOT
MEASUREMENTS

Introduction
Clinical recommendations for footwear and orthotics are commonly based on static foot
structure, however, evidence that structural measurements predict functional movement of the foot
is limited. Foot structure is typically determined by observations or measurements of the height of
the foot’s medial longitudinal arch (MLA) or by analyzing a standing plantar pressure footprint.
Typically, one of three foot type classifications, pes planus (low arch), rectus (normal arch), or pes
cavus (high arch) [13], are diagnosed from the observations made, and recommendations for
footwear and orthotics are based on the foot type classification diagnosed. For example, running
shoes are often categorized as cushioned, stability, or motion control. Cushioned shoes are
recommended for those with rectus or pes cavus feet, with the goal of aiding in shock absorption.
Stability and motion control shoes are recommended/prescribed for those with pes planus, with
motion control shoes generally designed for those with substantial pes planus. Stability and motion
control shoes are intended to prevent excessive MLA collapse, or pronation (tri-planar midfoot
motion), which is believed to be associated with injury. However, there is little evidence that
stability and motion control shoes prevent injury, or that cushioned shoes are only needed for pes
cavus or rectus feet [14]–[17]. Similarly, orthotics are prescribed to individuals with pes planus to
control pronation, but clear evidence of efficacy is also lacking [18]. While these clinical
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interventions and shoe recommendations are prevalent, there is little research validating the
underlying prescription assumptions that static arch height predicts dynamic foot function.
Current research comparing static and dynamic foot measurements is mixed with several
limitations that inhibit the ability to fully connect foot structure with dynamic function. Numerous
studies have compared arch height measurements to foot kinematics while walking and running
[13], [19]–[26]. Perhaps unsurprisingly, those that have focused on postural measurements have
found significant correlations between static and dynamic conditions [27]. For example, subjects
with pes planus have greater peak rearfoot eversion during walking and running [19], [23], [28],
since peak eversion is in essence a measure of foot posture, albeit during dynamic conditions.
However, studies focusing on dynamic range of motion (ROM) have not found correlations
between foot structure and midfoot ROM [21], [22]. In other words, a pes cavus foot does not
necessarily go through less ROM than a pes planus foot, but the starting and ending points are
different. While evidence against static-dynamic relationships is fairly compelling, there are
several limitations that may impede the ability to capture this theorized relationship.
First, there is a long-standing clinical assumption that arch height and arch stiffness are
correlated, i.e. high arches are stiff and low arches are flexible. However, this has not been verified
in the literature. Using a stiffness measurement based on a sit to stand movement, Zifchock et al.
[29] found a slightly greater prevalence of flexible feet in a pes planus population and stiff feet in
a pes cavus population; however, there were still a substantial number of stiff feet that were pes
planus and flexible feet that were pes cavus. Powell et al. [30] also found no correlation between
arch type classification and arch stiffness in female runners. Rather than continuing to look at arch
height as a predictor for dynamic function, MLA stiffness may have a stronger relationship with
dynamic function.
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A second limitation in these studies is a focus on planar motion. Most dynamic foot
measurements have captured either sagittal plane midfoot angles or hindfoot eversion angles.
While tremendous progress in modeling the foot using multiple segments has been made, the triplanar nature of midfoot motion is difficult to capture. Euler/Cardan rotations are the most
common method but result in three orthogonal angles. Since the majority of the motion occurs in
the sagittal plane, it is typically chosen for analysis while the other two planes are ignored,
potentially missing important but subtle information. A possible solution to this problem involves
the use of the finite helical method (or axis/angle method), which captures the relative motion
between two bodies as a single angle and axis of rotation [31], [32]. The method proposed in
section 1.2.2 above is the application of this technique to the midfoot by calculating a Signed
Helical Angle (SHA), incorporating movement in each of the three cardinal planes into one angle.
Finally, measurements of joint angles alone do not account for the forces present in
dynamic motion. Motion capture and force platforms can be integrated using inverse dynamics
techniques to capture dynamic joint stiffness throughout stance. Previous research has looked into
dynamic joint stiffness but only focused on small portions of stance (e.g., during terminal stance
and initial impact when running) rather than accounting for the full stance phase [33], [34]. Other
researchers have expanded traditional lower extremity inverse dynamics to the midfoot for the
entire stance phase [35], [36]; however, these have all relied on assumptions about the way ground
reaction forces (GRFs) are distributed across the plantar surface of the foot [12], [37], [38]. Newer
technology now allows for the direct measurement of plantar pressure and shear distributions,
resolving the issue of partitioning forces among foot segments. Integration of one such device,
called FootSTEPS (ISSI inc., Dayton, OH USA) [39], with a motion capture system, allows for
the direct measurement and calculation of midfoot stiffness [40].
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The purpose of this study was to determine whether static measures of foot structure are
related to dynamic function by addressing the aforementioned limitations. Specifically, this study
investigated whether arch height and sit-to-stand MLA stiffness are correlated with dynamic MLA
motion and stiffness. Three different hypotheses were developed. First, high arch subjects will not
be different from low arch subjects in dynamic walking stiffness or ROM. Second, stiff arch
subjects will be different from flexible arch subjects in dynamic walking stiffness. Third, dynamic
walking stiffness can be predicted from passive stiffness measurements. A better understanding of
this static-dynamic relationship will increase knowledge of foot function and eventually lead to
better clinical recommendations and outcomes.

Methods
2.2.1

Data Collection and Model
Arch and gait measurements were collected on 40 healthy subjects (1.74 ± 0.09 m, 73.6 ±

13.84 kg, 24.78 ± 3.89 yrs, 24 M, 16 F). Following the procedure proposed by Zifchock, et al [29],
the arch height was measured while seated and while standing. The arch height index (AHI) was
derived from these measurements and the subjects were separated into three groups (high, normal,
or low) depending on their AHI score. The grouping cutoffs used were proposed in Williams et al.
[41]. which were the average of the cut-offs determined by Hillstrom et al. [42] and Williams et
al. [43]. Additionally, the arch stiffness (AS) was calculated from these measurements and the
subjects were also separated into three groups (stiff, normal, or flexible) based on the AS cutoffs
of Zifchock et al. [29]. Retroreflective markers were placed on the pelvis, knees, ankles, and feet,
with marker clusters on the thighs and shanks. The markers placed on the foot and the
accompanying multi-segment foot model are detailed in section 1.2.1 (Figure 1-1). Marker
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trajectories were collected at 100 Hz with a 12-camera motion capture system (Qualisys, Goteborg,
Sweden). Each subject walked across a 5-meter raised platform at a controlled speed (1.3 ± 0.1
m/s) with the FootSTEPS device integrated into the platform (50 Hz). The experimental setup and
initial processing of this data were described in Petersen et al. [40]. Three successful trials with
accurate foot placement were collected for each subject.

2.2.2

SHA ROM and Stiffness Calculation
Following the custom pipeline created by Peterson, et al [40], the FootSTEPS data was

integrated with the motion capture data to determine the segmental distribution of pressure and
shear for each of the foot segments. Further analysis was performed in MATLAB (MathWorks,
Natick, MA), where the SHA was calculated following the procedure established in section 1.2.2.
ROM was separated into two different metrics, pronation ROM and supination ROM. Pronation
ROM represents the total angular displacement from the minimum of SHA between heel strike
and 70 percent of stance phase to the max SHA. Supination ROM represents the total angular
displacement from the max SHA to the minimum SHA near the end of stance phase. Additionally,
the pronation and supination stiffnesses were calculated from the angular displacement and joint
moments. The moments of the midfoot were calculated in Visual3D (C-Motion, inc. Germantown
MD USA) and the resultant moment was plotted against the SHA. The slope during the pronation
phase represents the pronation stiffness while the slope during the supination phase represents the
supination stiffness. To focus on the linear portions of the graph, the transitions from pronation
and supination, as well as the beginning and ends of stance phase, were cut prior to calculating
stiffness. The first 30 percent of stance phase was omitted due to the large variation across subjects
during that portion of stance phase. The transition from pronation to supination was determined
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by finding the midpoint between the max SHA angle and the max midfoot moment, and then
removing the 10 percent of stance phase before and after that point. Additionally, the final 5
percent of stance phase was omitted. After all calculations were performed, the averages were
determined for each of the subjects across the three trials.

2.2.3

Statistics
Group comparisons (one-way ANOVAs) as well as multiple regression models were

performed on the data to determine whether dynamic midfoot stiffness could be predicted from
static measurements and/or passive midfoot stiffness. The passive measurements used were AHI
and AS, which are calculated according to Zifchock, et al [29]. One-way ANOVAs were
performed on each dependent variable to determine differences in AHI groups and AS groups.
Dependent variables focused on pronation ROM and stiffness and supination ROM and stiffness.
In addition, sagittal, frontal, and transverse midfoot Euler angles as well as frontal ankle Euler
angle (α = 0.05) were evaluated for consistency with previous studies. Tukey post-hoc tests were
conducted with these ANOVAs to determine any pairwise differences (α = 0.05). A multiple
regression model was then created with AHI, AS, and an interaction term between AHI and AS to
predict the dynamic measurement of pronation ROM and stiffness, supination ROM and stiffness,
and peak hindfoot eversion (α = 0.05). Peak hindfoot eversion was determined from the minimum
of the frontal ankle Euler angle. Additionally, plots were generated to better visualize the SHA,
the stiffness diagrams, and the Euler angles for each of the AHI and AS groups.
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Results
2.3.1

SHA Comparisons
The average SHA for each of the AS groups showed slight visual distinctions between

groups (Figure 2-2d), with the normal group having a higher peak; however, there was no statistical
difference in the SHA pronation and supination ROM (Table 2-1). The average SHA for each of
the AHI groups showed little visual differences (Figure 2-3d) with no statistical significance (Table
2-2).

Table 2-1: Mean, standard deviation, and p-values for the ROM and Stiffness of pronation
and supination, and the Euler midfoot sagittal, frontal, and transverse angles, and the
Euler ankle frontal angle according to their AS groups from AHI measurements.
Stiff

Normal

Flexible

p-value

Pronation ROM (deg)

10.9 ± 2.6

12.0 ± 2.7

11.3 ± 2.1

0.573

Supination ROM (deg)

18.2 ± 4.5

19.9 ± 5.1

19.4 ± 4.2

0.633

Pronation Stiffness (Nm/deg)

0.180 ± 0.111 0.123 ± 0.054 0.150 ± 0.157

0.579

Supination Stiffness (Nm/deg)

0.079 ± 0.020 0.065 ± 0.018 0.069 ± 0.018

0.196

Sagittal Midfoot Euler Angle (deg)

-20.4 ± 6.9

-17.2 ± 6.4

-22.3 ± 5.6

0.217

Frontal Midfoot Euler Angle (deg)

3.1 ± 6.6

5.4 ± 6.3

5.4 ± 4.6

0.487

-7.0 ± 3.8

-6.0 ± 5.3

-5.8 ± 4.0

0.708

2.1 ± 7.2

-1.9 ± 7.6

-1.0 ± 5.9

0.298

Transverse Midfoot Euler Angle (deg)
Frontal Ankle Euler Angle (deg)

2.3.2

Pronation and Supination Stiffness
Stiffness curves exhibited a piecewise linear behavior (Figure 2-1). After omitting the

transition points (near start and the transition from pronation to supination), the slopes for both
pronation and supination were positive and linear. For this study, the Stiff group was the most stiff
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for both pronation and supination and the Normal group was the least stiff for both pronation and
supination. While there were visible separations when looking at the curves, there was no statistical
significance in these distinctions (Table 2-1). There was also no statistical significance between
the AHI groups (Table 2-2).

Table 2-2: Mean, standard deviation, and p-values for the ROM and Stiffness of pronation
and supination, and the Euler midfoot sagittal, frontal, and transverse angles, and the
Euler ankle frontal angle according to their AHI groups from AHI measurements.
*Denotes significant main effect. For this variable, the only significant
pairwise difference was between Low and High.
High

Normal

Low

p-value

Pronation ROM (deg)

11.8 ± 1.4

11.2 ± 2.3

11.0 ± 2.9

0.701

Supination ROM (deg)

18.2 ± 4.6

18.4 ±

19.9 ± 5.0

0.548

Pronation Stiffness (Nm/deg)

0.182 ± 0.148 0.122 ± 0.100

0.175 ± 0.130

0.409

Supination Stiffness (Nm/deg)

0.074 ± 0.018 0.077 ± 0.019

0.068 ± 0.020

0.427

Sagittal Midfoot Euler Angle (deg)

-24.1 ± 7.9

-22.2 ± 5.5

-17.4 ± 4.9

0.015*

Frontal Midfoot Euler Angle (deg)

3.0 ± 4.8

3.3 ± 6.2

6.0 ± 5.8

0.323

-5.4 ± 3.6

-5.4 ± 4.0

-7.6 ± 4.3

0.244

1.1 ± 7.7

0.7 ± 7.3

-0.8 ± 6.2

0.764

Transverse Midfoot Euler Angle (deg)
Frontal Ankle Euler Angle (deg)

2.3.3

Midfoot and Ankle Euler Angles
For the AS groups, there were some visual distinctions between groups (Figure 2-2),

however there were no statistical differences in any of the metrics in these distinctions (Table 2-1).
For the sagittal plane Midfoot Euler Angle, the Normal group started the most dorsiflexed while
the Flexible group started the least dorsiflexed. The trend followed throughout the stance phase,
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with the Normal group being more dorsiflexed at each part of the stance phase and the Flexible
group being the least dorsiflexed. The frontal plane Midfoot Euler Angles exhibited similar starting
points for the Normal and Flexible groups, while the Stiff group was more everted throughout.
The transverse plane Midfoot Euler Angles had similar starting and ending points for each of the
groups, but the Stiff group underwent greater adduction during midstance. The frontal plane
Hindfoot Euler Angles had similar starting points for both the Normal and Flexible groups, while
the Stiff group started more inverted.

Figure 2-1: Stiffness curves separated by (a) AS and (b) AHI groups. Pronation
stiffness is represented by the slope on the right side of the plot and the supination
stiffness is the slope on the left side of the plot.

For the AHI groups, there were visual distinctions between each of the groups (Figure 2-3),
but only the mean of the sagittal plane Midfoot Euler angles achieved statistical significance (p =
0.015) (Table 2-2). From the Tukey post-hoc tests, the only significant pairwise difference was
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between Low and High (p = 0.022). For the sagittal plane of the Midfoot Euler Angle, the Low
group started the most dorsiflexed while the High group started the least dorsiflexed. The trend
followed throughout the stance phase of the gait cycle, with the Low group being more dorsiflexed
at each part of the stance phase and the High group being the least dorsiflexed. The frontal plane
Midfoot Euler Angles exhibited similar curves for the High and Normal groups, while the Low
group was more inverted throughout. The Midfoot Euler Angle curves of the High and Normal
groups in the transverse plane were similar throughout, but the Low group had greater adduction
throughout. The frontal plane Hindfoot Euler Angles had similar curves for both the High and
Normal groups, while the Low group was more everted.

2.3.4

Multiple Linear Regression
There were no statistically significant correlations in any of the multiple linear regression

models (Table 2-3). The best predicted measure (pronation stiffness) captured just 13% of the total
variance.

Table 2-3: R2 and p-values for passive measurements
from the AHI device to predict ROM and stiffness
for both pronation and supination, and peak
hindfoot eversion during walking.
R2

p-value

Pronation ROM (deg)

0.0202

0.8628

Pronation Stiffness (Nm/deg)

0.1286

0.1700

Supination ROM (deg)

0.0404

0.6812

Supination Stiffness (Nm/deg)

0.0393

0.6912

Peak Hindfoot Eversion (deg)

0.0635

0.4946

24

Figure 2-2: Composite graphs of AS groups by their Midfoot Euler Angles (a-c), the SHA (d),
and Ankle Euler Angles in the frontal plane (e). Standard-error bands shown for only the Stiff
group for clarity. The x-axis represents the percentage of stance phase. The sagittal plane
Midfoot Euler Angles are dorsiflexing when the slope is negative and plantarflexing when the
slope is positive. The frontal planes for both Midfoot and Ankle Euler Angles are inverting
when the slope is positive and everting when the slope is negative. The transverse plane
Midfoot Euler Angles are abducting when the slope is positive and adducting when the slope
is negative. The SHA is pronating when the slope is positive and supinating when the slope is
negative.
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Figure 2-3: Composite graphs of AHI groups by their Midfoot Euler Angles (a-c), the SHA
(d), and Ankle Euler Angles in the frontal plane (e). Standard-error bands shown for only the
Low group for clarity. The x-axis represents the percentage of stance phase. The sagittal plane
Midfoot Euler Angles are dorsiflexing when the slope is negative and plantarflexing when the
slope is positive. The frontal planes for both Midfoot and Ankle Euler Angles are inverting
when the slope is positive and everting when the slope is negative. The transverse plane
Midfoot Euler Angles are abducting when the slope is positive and adducting when the slope
is negative. The SHA is pronating when the slope is positive and supinating when the slope is
negative.
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Discussion
The purpose of this study was to use the new SHA method with forces segmented for each
individual segment to provide additional insight into the connection between passive foot measures
and dynamic foot function. The first hypothesis, that high arch subjects would not be different
from low arch subjects in dynamic walking stiffness or ROM, was supported. However, both the
second and third hypotheses were not supported. Stiff arch subjects were not different from flexible
arch subjects in dynamic walking stiffness and dynamic walking stiffness could not be predicted
from the passive stiffness measurements. Neither comparisons of groups nor the regression
analysis elicited any connections between passive structure and dynamic function. While there
were visual offsets in the group data, they were not statistically significant and the order was not
in line with the hypothesis. The stiff group had the smallest SHA ROM and the largest dynamic
stiffness, but the normal group (not the flexible group) had the largest SHA ROM and smallest
dynamic stiffness. Ultimately, there was no significance in a relationship between dynamic foot
function, which includes ROM, stiffness, and peak hindfoot eversion, and the static foot
measurements obtained from the AHI.
Unlike other studies that analyzed midfoot motion from three distinct planes and calculated
midfoot stiffness from just one of them, this study analyzed the entire tri-planar motion of the
midfoot and calculated midfoot stiffness from the full midfoot ROM and moment. The SHA,
which captures the tri-planar motion of the midfoot in one angle, provided additional insight into
the entire ROM during the stance phase, which had not been accomplished before. Additionally,
the FootSTEPS device and processing pipeline, which allowed both normal and shear forces to be
to be partitioned among the individual foot segments, was used to get a more accurate and
comprehensive measurement of the midfoot joint moment. This was used with the SHA to capture
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the midfoot joint stiffness. This calculation exhibited a piecewise linear relationship between the
pronation and supination phases of stance. Therefore, the angular pronation and supination
stiffnesses, both represented by straight lines in the stiffness curves, were extracted as distinct
stiffnesses. However, despite accounting for the full midfoot ROM, a more accurate moment
calculation, and therefore a more accurate and more encompassing stiffness measurement than
what had previously been accomplished, there still was not a statistically significant relationship
between the static/passive foot measurements and dynamic foot function.
Some connections between static and dynamic foot structure have been found from
postural measurements in previous studies. The magnitude of peak hindfoot eversion was greater
for those who were pes planus when compared to those that were rectus or pes cavus [19], [25],
[28], [30]. Additionally, there was a correlation when analyzing pressure distributions and contact
area with foot structure [13]. Static measures were also good predictors of MLA angle at heel
contact, at midstance, and at toe off; however, they were not good predictors of MLA deformation
during stance [26]. The same had been shown to be true for forefoot supination angle [44]. Results
from the current study are aligned with the findings from these studies as well. The results from
the Euler angles show that the different AS and AHI groups have visually distinct starting points
and that those different starting points carry throughout the stance phase (Figure 2-2 and Figure
2-3). Statistical significance was found in the sagittal plane midfoot Euler angle for the AHI groups
(Table 2-2), supporting the notion that a pes planus foot would remain pes planus throughout the
stance phase, and that a pes cavus foot would remain pes cavus. However, these measures capture
very little regarding foot function.
Subtle differences in dynamic function have been found when analyzing the extremes of
the static foot posture/flexibility groups when walking and running. Highly pronated and highly
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supinated feet, defined as being over two standard deviations above and below the mean
respectively [45], have been found to have greater stiffness during propulsion compared to those
with normal feet [46]. Additionally, pes planus feet have also been found to have decreased
midfoot abduction ROM (0.9 degree mean difference) and increased ankle inversion ROM (2.7
degree mean difference) but decreased ankle eversion ROM (1.8 degree mean difference) [23].
However, these differences were quite small even though the subjects had drastically different
static foot structures. Subjects were also wearing sandals, which could change the mechanics of
the foot. Another study found that subjects with musculoskeletal symptoms had less forefoot
adduction at toe off and had a decreased forefoot transverse ROM compared to asymptomatic
individuals [22]. Studies that analyzed runners with histories of running-related injuries found that
there was greater midfoot abduction ROM for those with high arches [47] and greater rearfoot
eversion ROM and rearfoot eversion to tibial internal rotation for those with low arches [48].
Another study measured the arch flexibility of high arch runners and divided them into rigid and
mobile groups, where the rigid group had the runners with the greatest arch stiffness and the mobile
group had the runners with the greatest arch flexibility. The mobile arch group had decreased tibial
internal rotation ROM but a greater rearfoot eversion to tibial internal rotation ratio [43]. The
current study did not find statistical significance among the general population when walking,
suggesting that the general population does not exhibit the subtle differences that would be found
in extreme foot structures or clinically symptomatic feet.
Correlations have not been found when analyzing dynamic foot function from the static
posture groups when the general population had been researched. Flexibility of the first ray of the
foot had not been found to be correlated with structure in multiple studies [20], [21]. Additionally,
static and passive measurements have not been able to predict the magnitude of MLA deformation
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during stance phase [26], nor have they been able to predict the degree of deformation in the motion
of other portions of the foot. For example, athletes with low arches and athletes with high arches
experience the same amount of ankle eversion ROM even though a low arch athlete will have
greater peak eversion [30]. Even studies examining a combination of static posture measurements
and passive midfoot stiffness have not found correlations with foot kinematics when walking for
the general population [49].

Conclusions
The current study’s lack of correlations between passive and dynamic measurements is in
line with previous work. Beyond just measuring dynamic ROM in distinct planes of motion, as
was done in previous studies, the proposed study analyzed the full tri-planar motion of the midfoot
and dynamic stiffness and compared them to both passive stiffness and posture measurements, still
not finding correlations. In total this represents compelling evidence that factors other than passive
foot structure, such as muscle activation (as well as variability due to overconstraints in muscle
actions) determine dynamic foot motion and stiffness.
Structural measurements do not take into account all of the changes that result from muscle
use, as these measurements are likely more attributed to elasticity of ligaments and tendons within
the foot [41]. Therefore, future studies should pivot to focusing on how muscles modulate foot
posture and function during dynamic movements. Future studies should also seek new
recommendations to replace those commonly given by shoe companies and running magazines
regarding shoe selection based on arch type [14]–[17]. This would also hold true for clinicians
prescribing orthotics to their patients. Recommendations for footwear or orthotics should be based
more on their intended function (i.e., static or dynamic) rather than using passive measurements to
provide recommendations for dynamic function.
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APPENDIX A.

MODEL DEFINITION

Table A-4: Marker names and description of placement
Marker Name
PCL
DCL
LCL
MCL
CUB
NAV
MB1
MB4
MHD
MH1
MH23
MH5
HAL

Description of Placement
Proximal calcaneus
Distal calcaneus; apex of calcaneal tuberosity
Lateral calcaneus
Medial calcaneus
Cuboid; lateral cuboid
Navicular; navicular tuberosity
Dorsal surface of the base of the 1st metatarsal
Dorsal surface of the base of the 4th metatarsal
Dorsal surface 1st metatarsal head; dorsum of head of the 1st metatarsal
1st Metatarsal head; medial aspect of head of the 1st metatarsal
2nd and 3rd Metatarsal heads; midpoint of heads of the 2nd and 3rd metatarsals
5th Metatarsal head; lateral aspect of head of the 5th metatarsal
Hallux; dorsum of the distal phalanx of the hallux

Table A-5: Virtual landmarks for multi-segment foot model
MJC
FF_Dist

Midtarsal joint center – midpoint between CUB, NAV
Forefoot distal end – project MH23 down to average height of MH1 and MH5

Table A-6: Multi-segment foot model segment reference frame definitions
Segment
Hindfoot
Forefoot

Long Axis
DCL to MJC
MJC to FF_Dist

Plane
DCL, MJC, PCL (Sagittal)
MJC, FF_Dist, MH23 (Sagittal)
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Tracking Markers
DCL, MCL, LCL
MB1, MB4, MH1, MH23,
MH5

APPENDIX B.

NOTATION

This paper uses the common notation described in more detail in Introduction to Robotics
by Craig [50]. Rotation matrices (R) describe the orientation of one coordinate system (CS)
described in relation to another coordinate system. These rotation matrices have a leading subscript
and superscript which indicates the original and final CS. Therefore, 𝐵𝐵𝐴𝐴𝑅𝑅 is the rotation matrix

describing B relative to A. Rotation matrices vary with each step in time. A rotation matrix at time

t would be represented by 𝐵𝐵𝐴𝐴𝑅𝑅(𝑡𝑡). The trailing superscript T indicates the transpose of the matrix.
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